A series of structurally simple compounds belonging to thestilbene family were synthesized by means of a Ti(III)-mediated methodology that allows access, in an efficient manner, to derivatives of dihydrostilbene, E-stilbene, and stilbene oxide, with high yields. The antioxidant activity of these compounds has been evaluated by means of two electrochemical assays, which provide complementary information, showing that the majority of these stilbene analogs exhibit significant antioxidant activity dependent on the electronic structure and functionalization of the molecule in each case.
In the field of Natural Products antioxidants may be defined as any compound capable of preventing or retarding the oxidation of a biological substrate or molecule initiated by any reactive species (either free radicals or other species that are capable of initiating or inducing the oxidation of a biological substrate). Antioxidant compounds possess an appropriate chemical structure to react easily with a free radical, so that mechanistically an antioxidant is a substance that prevents or delays the oxidation of another one through different mechanisms, mainly through donation of a H • atom or free eas a result of the interaction [1] .
It is well known that phenolic hydroxyls are functional groups responsible for potent biological effects, such as cardioprotective, antitumor, neuroprotective, antifungal, and antibacterial [2] . It has also been shown that they can display important effects in metabolic pathways as well as other antiinflammatory and antioxidant properties [3] . Among them, compounds of the stilbene family ( Figure 1 ) with neighboring -OH groups are one of the most prominent families [4] responsible for a wide variety of biological and pharmacological activities [5] . A large number of experimental studies have shown the beneficial effects of antioxidants in deleterious contexts [6] . Of the most significant antioxidant compounds, stilbene compounds, such as resveratrol [7] , have undergone comprehensive studies of structureactivity. Significantly, new stilbene derivatives have been synthesized to strengthen the properties of resveratrol.
In this sense the most common structural modification observed in aromatic -OH groups of naturally occurred active compounds is their methylation, which may result in a partial loss of bioactivity. This happens not so strictly in the field of antioxidant activity. The antioxidant activity of stilbene derivatives is globally related to the hydroxyl (-OH) groups, which can scavenge free radicals produced in vivo. Experimental data demonstrate that if the -OH groups are eliminated the molecule can lose any of its representative bioactivities. However, if they are replaced by -OCH 3 groups, this loss of activity is not necessarily true, especially for antioxidant activity that may even be increased [8] . In fact, if stilbene derivatives are O-methylated to reinforce the hydrophobic character of the molecule and thereby to enhance its diffusion through cellular membranes, their capacity to scavenge radical oxygen species (ROS) is reduced, but enables the emergence of new effects. In all cases the stilbene backbone of the molecule appears to be important for the different types of bioactivities. From a mechanistic point of view the ability to act as an oxidant depends on both the possibility of release of H atoms, and on the ability to trap R • in the whole molecule skeleton ( Figure 2) [9] . Therefore, the antioxidant activity evaluation of phenolic and related compounds [10] must take into consideration the structure and functionality of each particular compound. Thus it seems interesting to find accurate methods for the characterization of antioxidant properties of stilbene derivatives. It would be very significant that such methods could also indicate whether the activity is conducted by direct scavenging, or by means of any of the other pathways able to trap ROS on the stilbene skeleton.
Direct and indirect methods have been proposed to evaluate the antioxidant activity of natural products [11] . Electrochemical measurements are well known to act as rapid proof to test the antioxidant capacity of many organic molecules [12] and to study the interaction between the antioxidant and ROS [13] . Herein we decided to employ two assays that stand out as being accurate,
(1) HAT: hydrogen atom transfer (1) PCET: proton-coupled electron transfer (2) SEPT: sequential electronproton transfer (3) RAF: radical adduct formation reproducible, of wide application range, and selective about the information provided: (i) cyclic voltammetry (CV) [14] , and (ii) differential pulse voltammetry (DPV), namely, the variation of the electrooxidation of Hg in the presence of H 2 O 2 and antioxidants [15] . For this decision it was taken into account that the oxidative capacity of any organic molecule depends on the availability in the space of an unpaired electron, resonance effects, the place where the attack of R • takes place, and the ability to restructure the bonds in a final stage of stabilization. Both techniques stand out for their easy handling, the reliability and reproducibility of the results (unlike other assays commonly used, such as the radical DPPH • , which in our hands was problematic, showing poor reproducibility), the low sample consumption, and primarily for being techniques that provide additional information to each other. Thus, the CV determines the oxidation potential (E ox , mV) of the sample (Figure 3a) , ie. the net capacity of the structure to release e -, while the DPV determines the ability of the sample to inhibit the oxidative process by direct interaction of the sample with H 2 O 2 -derived radicals which are generated in the experiment (Figure 3b ). The data obtained arethe volume necessary (V 10 ) todecrease the area of the H 2 O 2 oxidation peak by 10% from a solution of the antioxidant of known concentration (usually 5mM), a value that is directly related to the scavenging activity ( Figure 3c ).
Therefore, the combination of these two assays allows a selective assessment of the behavior of molecules in the antioxidant process through any of the possible mechanisms ( Figure 2 ). This behavior is directly related to the electronic structure and the substitution pattern of each compound. The CV by means of the E ox value directly determines the net ability of releasing eof the AO molecules [13, 14] . The DVP directly determines the ability of interaction of the antioxidant with R • . There is a direct influence of the antioxidant concentration over the electrochemical oxidation of the hydrogen peroxide (H 2 O 2 ) curve, which is showed. The less the volume of antioxidant used to reduce by 10% the area under the curve, the easier is the catching the R • , and accordingly the higher is the antioxidant activity of this compound [15] .
In this work we have carried out a quick and efficient synthesis of some families of molecules with a stilbene skeleton (4-8), concretely dihydrostilbene derivatives (4a-d, and 6e-g), E-stilbene (5a-d, and 7e-g), and stilbene oxide (8a-g) (Scheme 1). These compounds possess different structures and functionalization, both in the C-C chain that connects the aromatic rings (C-C, C=C, C(O)C), as well as in the aromatic units (3 types of substituent R: -OH, -H, -OMe; located in four different ways: para, meta, meta/para, or unsubstituted). These changes, implying the modification of the electronic structure of the compounds, will influence their reactivity and antioxidant character. Therefore, the use of proper antioxidant characterization techniques will provide accurate information about the influence of the structural pattern and further data about the mechanistic behavior. Is the antioxidant activity modified in the absence of -OH groups? Do symmetrical compounds or compounds only having -OMe groups maintain the biological activities described? Does the functionalization degree of the carbon chain influence the bioactivity? It is possible to establish a relationship between electronic structure and antioxidant capacity of each compound? Information about these issues would allow us to make an approach to a study about the relationship of structure and bioactivity.
The symmetric stilbene derivatives 4a-d, 5a-d, 6e-g, 7e-g and 8a-g were obtained starting from commercial benzylic alcohols 1a-d (Scheme 1). There are two pathways that lead either to saturated or unsaturated derivatives, the two carrying out the coupling step by means of using Cp 2 TiCl as key reactive [16] . These synthetic approaches involve Wurtz-type radical methodologies, strategies that stand out as being much smoother and efficient than other methods previously described in the literature. The first path goes through the bromination of the starting benzylic alcohol (1a-d) to obtain bromine derivatives 2a-d that are subsequently subjected to a Ti(III)-mediated homocoupling procedure [16a-b] to obtain, in overall good yields, saturated stilbenoids 4a-d (-OMe derivatives), and 6e-g (hydroxylated ones) achieved also in excellent yields after a deprotection reaction using BBr 3 (Scheme 1). The formation of aldehydes 3a-d from 1a-d opens the door either to the families of saturated derivatives (5a-d and 7e-g), or to the group of C-C epoxide functionalized compounds (8a-g) (Scheme 1). Aldehydes 3a-d are converted into olefins 5a-d by use of Ti(III)-mediated reductive coupling of carbonyls [16c] methodology that proceeds with remarkable efficiency. Starting fromthis set of compounds the E-stilbene family possessing free -OH groups (7e-g) can be accessed after deprotection with BBr 3 , or the family of stilbene oxide derivatives (8a-g). The oxirane derivatives with -OMe groups (8a-d) can be obtained by a direct epoxidation procedure of compounds 5a-d by means of m-CPBA, whereas those compounds with free -OH (8e-g) are achieved from derivatives 7e-g after deprotection with BBr 3 . The worst yields of the synthesis (moderate, about 45-65%) were obtained in the formation of oxirane functionalized compounds, mainly due to their relative instability during their handling. Significantly, the geometry of the alkenes was assigned by the chemical shift of the olefinic proton. In summary, a total of 21 derivatives of the stilbene family have been achieved for this study.
Synthesis and antioxidant activity of stilbene derivatives Natural Product Communications Vol. 10 (7) 2015 1259 Scheme 1: Synthetic approach to structurally modified stilbene derivatives. From the experimental results on antioxidant activity (Table 1) it can be deduced that the ability to release H • ("direct scavenger") is directly dependent on the presence of free -OH groups. Compound 7e shows a lower E ox value and hence is the best derivative to proceed through such a mechanism, being higher than those of the reference compounds. The presence of unsaturation in the C-C chain is also involved in this activity, most likely allowing the occurrence of a high number of resonance forms and providing greater stability to quinone-derived structures. The position of -OH groups also affects the results, with the lowest values of E ox showed by the para-derivatives in all cases (Table 1, 6e, 7e, and 8e) .
Aromatic para -OH groups are well known to be more acidic than the other -OH groups (metaor meta/para combination). This observation correlates with the scavenging free-radical ability. The para-hydroxyl group is the preferred reaction site, although the other hydroxyl groups and the double bond also contribute to the free-radical scavenging ability. The absence of a functional group (Table 1, compounds 4d, 5d and 8d) leads to lower activity values for both types of mechanism.
Methylation of the -OH groups of the aromatic rings induces an increase inactivity in the second way, by trapping R • . Thus, higher activity (lower volume of antioxidant being necessary) was found for 5a. It is relevant that 5a, which possesses two methoxy groups, is twice more active than resveratrol. The presence of an -OMe function probably provides a high electron-releasing effect over the whole structure making it richer in  e and facilitating the radical adduct formation (RAF). Presumably the reactions take place over the C=C, mainly to prevent the rupture of the ring aromaticity, but theoretical calculations are necessary to resolve this issue [17] . With respect to the presence of the -OMe group at different locations in the aromatic rings, the best results correspond with para-derivatives in all cases (Table 1, 4a, 5a, and 8a) , the position with the largest capacity for electronic releasing effect. The epoxide functionalized stilbenes family (8a-g) shows a globally good tendency to trap R • . This could be due to the oxirane opening coming from the interaction with the radical, a typical behavior for epoxide derivatives.
It should be emphasized, regarding the relative values of antioxidant capacity of the synthesized derivatives and hence to the stilbene skeleton in general, that it has been shown that high activity for any of the two possible reaction pathways and high selectivity are dependent on both the degree of substitution and the functionalization position. Comparing the values obtained from CV and DVP for compounds under study with those found for the reference samples (the powerful natural antioxidant resveratrol and gallic acid, Table 1 ), direct conclusions could be obtained on the bioactivity of stilbene compounds. Thus, especially for activity due to the RAF mechanism (probably attributable to the presence of -OMe groups in the structures), the results are very effective in a high number of derivatives. This fact again raises the possibility of a selective behavior against different types of agents inducing reactive oxygen species (ROS) depending on the electronic structure of the stilbene skeleton. Obtaining a proof of concept of this fact was the main goal set for this study.
As a conclusion, a series of structurally simple compounds has been prepared with a stilbene skeleton and possessing different functionalization patterns either in the position of the functional groups on the aromatic rings or the functionalization of the C-C chain. It has been found, using two electrochemical assays, that the majority of these stilbene analogs exhibit significant antioxidant activity. Molecules with lower E ox can be attributed as those having higher activity as direct radical scavengers, mainly compounds possessing free -OH groups in their structures. On the other hand, derivatives with -OMe groups located in the para position of the C-C chain act as the best direct trappers of R • . To the best of our knowledge this is a pioneering study that relates stilbene structure and its selective action against different types of reactive oxygen species (ROS).
Experimental
General: The solvents used were purified according to standard literature techniques and stored under argon. THF was freshly distilled immediately prior to use from Na/benzophenone and strictly deoxygenated for 30 min under argon for each of the Cp 2 TiCl 2 /Mn reactions. Reagents were purchased at the higher commercial quality and used without further purification, unless otherwise stated. Yields refer to chromatographically and spectroscopically ( 1 H NMR) homogeneous materials, unless otherwise stated. NMR spectra were obtained using either a Bruker AV400 or Bruker AV600 spectrometer operating at 400 and 500 MHz, respectively for proton and 100 and 125 MHz, respectively. The accurate mass determination was carried out with an 1260 Natural Product Communications Vol. 10 (7) 2015 Romero et al.
AutoSpec-Q mass spectrometer arranged in an EBE geometry and equipped with a FAB (LSIMS) source. The instrument was operated at 8 KV of accelerating voltage and Cs + was used as primary ions. Silica gel (35-70 m) was used for flash column chromatography (CC). Reactions were monitored by TLC carried out on 0.25 mm silica gel plates (60F-254) using UV light as the visualizing agent and by spraying with solutions of phosphomolybdic acid in ethanol or an acidic mixture of anisaldehyde and heating. All air-and watersensitive reactions were performed in flasks that had been flamedried under a positive flow of argon and conducted under an argon atmosphere.
General procedure for bromination reaction of alcohols: PBr 3 (1.3 mmol) at 0ºC under an Ar atmosphere was added to a stirred solution of alcohol (1.0 mmol) in 7 mL of Et 2 O. The solution was stirred at the same temperature for 15 min (TLC monitoring).
Thereafter the solvent was evaporated to obtain a residue which was partitioned between ethyl acetate (30 mL) and water (25 mL) . The organic layer was separated, dried (Na 2 SO 4 ) and evaporated to obtain an oily residue that was used as such for further reaction.
General procedure for oxidation of alcohols: PDC (1.41 g, 3.75 mmol) was added to asolution of the alcohol (0.54 mmol) in anhydrous DCM (5 mL) at 0°C. After 2 h, t-butyl methyl ether (50 mL) was added. The solution was washed with brine. The organic phase was dried (anhydrous Na 2 SO 4 ) and concentrated to give a crude residue. The product obtained was isolated by column chromatography of the crude residue on silica gel.
General procedure for homocouplingof alcohols: Rigorously dry and deoxygenated THF (4.0 mL) was added to a mixture of Cp 2 TiCl 2 (2.0 mmol), and Mn dust (8.0 mmol) under an Ar atmosphere and the suspension was stirred at RT until it turned dark green (about 15 min). A solution of alcohol (1.0 mmol) in THF (1.0 mL) was then added and the complete reaction mixture refluxed. The mixture was stirred for 2 h and then diluted with t-BuOMe and washed with 10% aqueous HCl solution and brine. The organic phase was dried over anhydrous Na 2 SO 4 and the solvent was removed in vacuum. The resulting crude material was purified by flash chromatography on silica gel.
General procedure for catalytic homocoupling of aldehydes:
A mixture of Cp 2 TiCl 2 (160 mg, 0.639 mmol) and Mn dust (935 mg, 17.04 mmol) in thoroughly deoxygenated THF (8 mL) and under an Ar atmosphere was stirred until the red solution turned green.This mixture was then heated at reflux and TMSCl (1.07 ml, 8.52 mmol) was added; finally, the aldehyde (1.92 mmol) in strictly deoxygenated THF (2 mL) was added. The reaction mixture was stirred until starting material disappearance (TLC monitoring). It was then quenched with t-BuOMe, washed with 1 N HCl, brine, dried over anhydrous Na 2 SO 4 and concentrated under reduced pressure. The resulting crude material was purified by CC on silica gel to afford the corresponding coupling products.
General procedure for deprotection of alcohols: BBr 3 (741 mg, 2.96 mmol) ¥ was added to asolution of the alcohol (0.54 mmol) in anhydrous DCM (5 mL) at 0°C. After 10 min, cold water (50 mL) was added. The solution was extracted with AcOEt, washed with brine, dried over anhydrous Na 2 SO 4 and concentrated to give a crude residue subsequently purified by CC on silica gel. ¥ 3.0 equiv. of BBr 3 for each equiv. of -OMe present in the starting material was used.
General procedure for epoxidation reaction: 3-Chloroperoxybenzoic acid (348.65 mg, 2.02 mmol) in anhydrous CH 2 Cl 2 (19 mL) was added to a solution of stilbene derivative (1.00 mmol) in anhydrous CH 2 Cl 2 (20 mL) under an argon atmosphere at 0°C, and the mixture was stirred until starting material disappearance (TLC monitoring). Then, CH 2 Cl 2 (25 mL) was added and the mixture successively washed with saturated aq. NaHCO 3 solution and brine, dried with anhydrous Na 2 SO 4 , filtered, and evaporated to give a crude that was purified by flash column CC. 4a: 1,2-bis(4-methoxyphenyl)ethane [18] , 96% yield. 1 H NMR (CDCl 3 , 400 MHz) δ 7.09 (4H, d, J = 8.5 Hz), 6.83 (4H, d, J = 8.5 Hz), 3.78 (6H, s), 2.83 (4H, s). 13 C NMR (CDCl 3 , 100 MHz) δ 157. 6, 134.0, 129.4, 113.8, 55.3, 37.7. 4b: 1,2-bis(3-methoxyphenyl)ethane [19] , 92% yield. 1 H NMR (CDCl 3 , 400 MHz) 7. 15-7. 08 (2H, m), 6.75-6.60 (6H, m), 3.70 (6H, s), 2.82 (2H, s). 13 C NMR (100 MHz, CDCl 3 ) δ 160. 3, 143.6, 129.4, 120.4,111.2, 55.1,37.9. 4c: 1,2-bis (3,4-dimethoxyphenyl) ethane [20] , 95% yield. 1 H NMR (CDCl 3 , 400 MHz) δ 7.12 (2H, d, J = 8.3 Hz), 7.03 (2H, d, J = 1.9 Hz), 6.83 (2H, d, J = 8.3 Hz), 3.90 (12H, s) . 13 C NMR (CDCl 3 , 100 MHz) δ 149. 4, 148.7, 124.7, 115.7, 114.2, 111.1, 88.0, 55.9. 5a : (E)-1,2-bis(4-methoxyphenyl)ethene, 93%.yield. 1 H NMR (400 MHz, CDCl 3 ) δ 7.35 (2H, d, J = 7.35 Hz), 6.87 (1H, s), 6.83-6.81 (2H, d, J = 6 .81 Hz), 3.75 (3H, s). 13 C NMR (100 MHz, CDCl 3 ) δ 159. 0, 130.5, 127.4, 114.1, 55.3. 5b: (E)-1,2-bis(4-methoxyphenyl)ethane [21] , 87% yield. 1 H NMR (400 MHz, CDCl 3 ) 7. dd, J = 7.28 Hz), dd, J = 7.10 Hz), 6.75-6.90 (2H, m, J = 6.85 Hz), 3.86 (3H, s) . 13 CNMR (100 MHz, CDCl 3 ) δ 159. 9, 138.7, 129.6, 128.9, 119.3, 113.4, 111.8, 55.25. 5c: (E)-1,2-bis (3,4-dimethoxyphenyl) ethane [22] , 89% yield. 1 H NMR (400 MHz, CDCl 3 ) δ 7.00 (2H, s), 6.99-6.95 (2H, m, J = 6.8 Hz), 6.85 (2H, s), 6.81-6.77 (2H, d, J = 6.8 Hz), 3.88 (6H, s). 13 C NMR (100 MHz, CDCl 3 ) δ 149. 2, 148.8, 130.8, 126.6, 119.6, 111.4, 108.8, 55.92. 6e: 4,4'-(ethane-1,2-diyl) 4, 142.6, 129.6, 120.8, 115.0, 113.1, 38.1. 6g: 4,4'-(ethane-1,2-diyl) 6, 136.6, 129.4, 120.2, 114.3, 113.7, 60.5, 55.4. 8c: 2,3-bis (3,4-dimethoxyphenyl) oxirane [25] , 51% yield. 1 H NMR (400 MHz, CDCl 3 )  6.67-6.63 (2H, d, J = 6.7 Hz), 6.59-6.57 (3H, d, J = 6.7 Hz), 6.57-6.56 (1H, d), 4.55 (2H, s), 3.76 (6H, s), 3.69 (6H, s). 13 C NMR (100 MHz, CDCl 3 ) 148. 7, 132.5, 119.3, 111.0, 110.1, 79.0, 55.9 .
Cyclic voltammetry (CV):
The working concentration of antioxidants was 5 × 10 −4 M. Solutions of 0.1M in both acetic and phosphoric acids, for 1.5 < pH < 8, were used as supporting electrolyte. The aqueous solutions were prepared using ultrapure water type I (resistivity 18.2 MΩ·cm at 25°C) obtained from an ultrapure water system Millipore Simplicity ® . Antioxidants were dissolved in ethanol and the stock solutions were stored in darkness at 277 K to avoid decomposition. The concentration of ethanol in the cell was 5%. Ionic strength was adjusted to 0.5 M with solid NaCl and the pH was adjusted with solid NaOH. Solutions were purged with purified nitrogen and the temperature was kept at 298 ± 0.1 K.
Measurements were made on a CHI650A electrochemical workstation from IJ Cambria. Glassy carbon electrodes from IJ Cambria (geometrical area = 38.5 mm 2 ) were used, which were cleaned by polishing with 0.3 μm alumina powder (Buehler Micropolish II). All potentials were measured against anAg|AgCl|KCl sat electrode (BAS MF-2052). A platinum counter electrode BAS MW-1034 was used.
Differential pulse voltammetry (DPV):
Solutions of 0.1 M in both sodium carbonate and phosphoric acidwere used as supporting electrolytes. The aqueous solutions wereprepared with ultrapure water type I (resistivity 18.2 MΩ·cm at 25°C) obtained from a Millipore Simplicity system. The ionic strength wasadjusted to 0.5M with solid KNO 3 and the pH was adjusted with solid NaOH. Antioxidants were dissolved in ethanol and the stock solution concentrations were 5 × 10 −3 M. These solutions were stored in darkness at 277 K to avoid decomposition. The concentration of hydrogen peroxide in the cell was 5×10 −4 M. The solutions were prepared with a fixed amount of supporting electrolyte, 100 μL of 5 ×10 −2 M H 2 O 2 , variable volumes of the stock solution of antioxidantin ethanol and completing the total volume with pure ethanol. This was made by preparing a separate solution for each concentrationof antioxidant. The H 2 O 2 was added after the solutions were purged with purified nitrogen. Measurements were made on a CHI650A electrochemical work station from IJ Cambria coupled to an EF-1400 controlled growthmercury electrode from BAS instruments. In both the DME and inthe HMDE mode, the drop area was 6.70 × 10 −3 cm 2 . The temperature was kept at 298 ± 0.1 K. All potentials were measured against an Ag|AgCl|KCl, 3M electrode (BAS MF-2052). A platinum counterelectrode BAS MW-1034 was used. The parameters selected in dc polarography and differential pulse voltammetry (DPV) were: pulse amplitude 0.05 V, pulse width 0.05 s and pulse period 0.2 s. In both dc and DP polarography the drop-time was fixed at 2 s. The reproducibility of the measurements was ensured by repeating the experiments and the standard deviations of the data were less than 5%.
